Abstract-With the increasing penetration of renewable energy, microgrids (MGs) have gained a great attention over the past decade. However, a sudden cut out of the MGs due to grid fault may lead to adverse effects to the grid. As a consequence, reactive power injection provided by MGs is preferred since it can make the MG a contributor in smooth ride through the faults. In this paper, a reactive power support strategy using droop controlled converters is proposed to aid MG riding through three phase symmetrical voltage sags. In such a case, the MGs should inject reactive power to the grid to boost the voltage in all phases at AC common bus. However, since the line admittances from each converter to point of common coupling (PCC) are not identical, the injected reactive power may not be equally shared. In order to achieve low voltage ride through (LVRT) capability along with a good power sharing accuracy, a hierarchical control strategy is proposed in this paper. Droop control and virtual impedance is applied in primary control loop while secondary control loop is based on dynamic consensus algorithm (DCA). Experiments are conducted to verify the effectiveness of the proposed control strategy.
I. INTRODUCTION
Driven by the economic and environmental issues, combined heat and power (CHP), and distributed energy resources (DERs), such as wind turbines (WT) and photovoltaic (PV) arrays are combined with advanced power electronics technology systems and integrated into future networks such as Microgrids (MG) [1] . MGs not only can provide electricity to the local loads, but also deliver electricity with higher reliability and quality to the grid.
Recently, due to the continuously increasing capacity of MGs, some countries had revised their grid codes to require distributed generation (DG) to provide ancillary services to the grid, e.g. reactive power injection, load following, backup service and elimination of power quality (PQ) disturbances [2] [3] [4] . Unfortunately, the published grid requirements mainly focus on wind farms connected to medium or high voltage grid, in a near future, these requirements could be extended to low voltage MGs [5] .
Germany and Denmark have already published the LVRT and reactive current injection requirements for grid connected DGs in 2007 and 2010 respectively. The German E.ON NetZ high voltage LVRT requirements [3] are shown in Fig. 1 and 2 . These requirements can also be applied to low voltage grid, since LVRT in low voltage grid has the similar concepts.
It can be seen in Fig. 1 that only when the grid voltage falls below the curve, the DGs are allowed to disconnect with the grid. Otherwise, DGs should inject a certain amount of reactive power as defined in Fig. 2 . It is clear that when the grid voltage is lower than 0.9V N , 1% drop of the grid voltage requires at least k% increase of the rated current.
Conventionally, LVRT in PV plants and wind farms are achieved by means of controlling the grid-interactive converter as a current source in which the phase is sensed from the grid voltage by using phase-locked-loop, meanwhile a current loop ensures the accurate amount of power injection and the current quality issues [6] [7] [8] . However, the exact methodologies on how to achieve LVRT in a grid connected MGs, where droop controlled converters are widely adopted, are rarely studied. In [9] , a LVRT strategy for droop control based single phase converters is proposed to inject reactive power during voltage sags. But, if the transmission lines are un-identical because of different distances, the reactive power injected cannot be well shared, and then cause unequal current sharing. In this case, the converter locate closer to the PCC have to supply more reactive current. In order to equally share the current, a dynamic consensus algorithm (DCA) based current sharing scheme is proposed in this paper.
Based on the analysis and grid code requirements, a control scheme is proposed to make the MGs not only to maintain connected with the utility grid under voltage sags, but also to support the grid voltage by reactive current injection with accurate power sharing among the distributed converters. This paper is organized as follows. Section II presents the analysis of voltage and current phasors while Section III illustrates the overall hierarchical control scheme. Experimental results is analyzed and discussed in Section IV. Finally, the conclusion of the paper is presented in Section V. In this paper, a stiff, mainly inductive grid is considered, and then the classic droop control theory can be obtained where the active power P predominately depends on the power angle į and the reactive power Q predominately relies on the voltage difference, as shown in (1) and (2) . Consequently, by tuning the phase angle and the voltage amplitude, the injected active and reactive powers can be controlled [9] .
The phasor diagram of the grid-interactive system is illustrated in Fig. 4 . It can be seen from Fig. 4 (a) that before the voltage sag occurs the converter not only supplies active and reactive power to the loads, but also feed some active power to the grid. When the voltage sag appears, the converter will participate on the reactive power support by tuning its output voltage based on (2) and the corresponding phasor diagram is depicted in Fig. 4 is the grid impedance voltage drop while I INV is the converter output current. Also, the grid current can be calculated as:
It can be seen from (3) that the grid current is inversely proportional to the grid impedance Z g . Thus, an extra inductor can be implemented between the MG and the grid to limit the grid current.
III. GRID-INTERACTIVE MG OPERATION UNDER GRID FAULTS
A hierarchical control algorithm which consists of primary and secondary level is proposed to achieve LVRT and reactive power sharing in this paper. The overall control schematic diagram is shown in Fig. 5 .
A. Primary Controller
Primary controller includes voltage/current inner loop, droop control loop and virtual impedance loop. The voltage/ current inner loop will ensure a good voltage and current waveform, while the droop control loop is used to achieve power sharing. Besides, the converter output current and capacitor voltage is sensed to calculate the active and reactive power based on instantaneous power theory. The calculated active power P and reactive power Q are then fed to the droop controller for power sharing and circulating current In addition, the virtual impedance loop is implemented since it makes the system more damped and provides better P/Q decoupling with appropriate output impedance shaping [9] . Note that all the primary loop controllers are implemented in Įȕ reference frame along with proportional-resonant (PR) controller [10] .
B. Secondary Controller
Secondary controller mainly takes care of the reactive power injection and its sharing between the distributed converters. As shown in Fig. 6 , the three phase load voltage is first measured to obtain the voltage amplitude in dq reference frame. Then, the reactive power reference Q ref is generated according to the red curve in Fig. 6 and is afterwards send to a PI controller to calculate the voltage reference signal E sec . Finally, the calculated reference E sec is sent to the local primary controller through communication links. It is worth noting that since high bandwidth low pass filter (LPF) is implemented here, a faster dynamic response can be obtained compared with conventional droop control.
In order to decouple the reactive power sharing accuracy with the line admittance, the power sharing controller compares the reactive power ( i Q ) of each DG with averaged reactive power ( i Q ) value from all DG sides. i Q is calculated by local controllers, while i Q is obtained by using DCA.
The control scheme and the power references are shown as follows:
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where E sec is the control signal sent to converter primary controller, Q is the reactive power injected by the converter while Q N is the converters power capacity, Q ref is the reactive power reference which is defined in accordance to the grid code.
C. Dynamic Consensus Algorithm
In cooperative control of multiple distributed agents, in order to reach their common goals, these agents need to reach an agreement on certain quantities of interest by exchanging information through communication links [11] . Note that only communication links between neighboring agents are required.
The general form of the consensus algorithm can be presented as [12] :
where i are the indexes of agent nodes. x i (k) and x i (k+1) are the information obtained from agent i at k th and (k+1) th iteration, respectively. a ij is the edge weight between node i and node j. N i is the set of indexes of the agents that are connected with agent i.
According to [12] , the matrix form of (8) can be expressed as:
where
, W is the weight matrix of the communication network and N oC is the total number of agent nodes.
In this paper, a modified version [13] [14] of the above mentioned algorithm, namely dynamic consensus algorithm, is applied to obtain a convergence in environment with dynamically changing variables. This algorithm can be expressed as: ( 1) (0) ( 1)
where ε is the constant edge weight between agents. ( ) ij k δ stores the cumulative difference between two agents, and (0) 0
Note that a ij >0, only when agent i and agent j are neighbors.
In this paper, x(k) stands for the discovered average value of reactive power, and x(0) means the local measured reactive power. Accordingly, DCA helps each local unit to discover the global average of reactive power.
Also, constant edge weight is adopted and is defined as:
where L is the Laplacian matrix of the communication topology.
Since bidirectional and symmetrical iteration is considered in the paper, then ε can be chosen as follows to obtain fastest possible convergence of the communication algorithm. 
IV. EXPERIMENTAL RESULTS
In order to validate the correctness of the proposed control strategy, experiments have been carried out on a MG platform existing in the Microgrid Lab at Aalborg University [15] . The platform consists of a dSPACE 1006 control board and three 2.2kW Danfoss three-phase DG converters which share a common AC bus. The detailed electrical configuration is shown in Fig. 5 . One converter is programmed to emulate grid while the other two converters act as DG converters. In addition, power stage and control system specifications can be found in Table I . Note that a 5mH inductor is used to emulate the grid impedance as explained in Section II.
The correctness of the proposed control strategy has been tested in the presence of three phase voltage sag of 0.1 p.u. which occurs at t = 0.1s and clears at t = 0.6s (as shown in Fig.  8 ). In this case, the converter should provide reactive power needed to compensate the voltage sag. During the sag, all the DG converters are controlled to support the voltage, such that the load side voltage can be restored with the greatest extent. It is worth noting that due to the converter capacity limitations, The reactive powers injected to the grid by the two converters are shown in Fig. 10 . Note that the k value in (4) is set to 7 which means that 1% drop of the grid voltage requires at 7% increase of the rated current, i.e. Q ref is 1540Var. Fig. 11 shows the grid current waveform. It can be seen that the current regulation time is only four to five cycles which is fast enough to ride through the grid faults.
As it can be seen from Fig. 10 and 11 , the converter can provide appropriate amount of power according to the depth of the voltage sag within five cycles. In such a way, the grid In order to eliminate the effect of line admittance to power sharing accuracy, the DCA based power sharing controller is activated at t =0.4s. It can be seen from 
V. CONCLUSIONS
In this paper, a distributed low voltage ride through control strategy based on dynamic consensus algorithm for gridconnected MGs has been investigated. The power flow of the system is investigated to develop the voltage sag compensator, and then the reactive power sharing controller is introduced to decouple the injected power and the line admittance. Experimental test bed which contains two DG converters and the grid are constructed to validate the proposed control strategy. The experimental results show that the proposed control strategy endows the MG system with low voltage ridethrough capability as well high power sharing accuracy.
